The intramolecular disulfide bond in hSOD1 [human SOD1 (Cu,Zn superoxide dismutase 1)] plays a key role in maintaining the protein's stability and quaternary structure. In mutant forms of SOD1 that cause familial ALS (amyotrophic lateral sclerosis), this disulfide bond is more susceptible to chemical reduction, which may lead to destabilization of the dimer and aggregation. During hSOD1 maturation, disulfide formation is catalysed by CCS1 (copper chaperone for SOD1). Previous studies in yeast demonstrate that the yeast GSH/Grx (glutaredoxin) redox system promotes reduction of the hSOD1 disulfide in the absence of CCS1. In the present study, we probe further the interaction between hSOD1, GSH and Grxs to provide mechanistic insight into the redox kinetics and thermodynamics of the hSOD1 disulfide. We demonstrate that hGrx1 (human Grx1) uses a monothiol mechanism to reduce the hSOD1 disulfide, and the GSH/hGrx1 system reduces ALS mutant SOD1 at a faster rate than WT (wild-type) hSOD1. However, redox potential measurements demonstrate that the thermodynamic stability of the disulfide is not consistently lower in ALS mutants compared with WT hSOD1. Furthermore, the presence of metal cofactors does not influence the disulfide redox potential. Overall, these studies suggest that differences in the GSH/hGrx1 reaction rate with WT compared with ALS mutant hSOD1 and not the inherent thermodynamic stability of the hSOD1 disulfide bond may contribute to the greater pathogenicity of ALS mutant hSOD1.
INTRODUCTION
Cu-and Zn-containing SOD1 (superoxide dismutase 1) is a highly conserved ubiquitous enzyme that detoxifies superoxide radicals in both the cytosol and mitochondrial intermembrane space of eukaryotic cells. Nascent SOD1 polypeptides must undergo four post-translational modifications to reach the mature form: insertion of zinc, insertion of copper, formation of an intramolecular disulfide bond between Cys 57 and Cys 146 and dimerization [1, 2] . The mechanism for insertion of the zinc ion is unknown; however, copper is inserted by CCS1 (copper chaperone for SOD1) [3] . In addition to transferring copper, CCS1 also catalyses the formation of the SOD1 disulfide bond [4] . hSOD1 (human SOD1) can also acquire copper and form the intramolecular disulfide through a CCS1-independent pathway that requires GSH, although this process is not completely understood [5] . Biophysical studies on purified hSOD1 demonstrate that both metal occupancy and disulfide redox state play major roles in influencing the structure and stability of the hSOD1 polypeptide. Holo, disulfide-oxidized, hSOD1 forms unusually stable, active homodimers, whereas the inactive apo reduced form is found predominantly as a monomer at physiological concentrations [6] [7] [8] .
Despite its role as a protective enzyme, over 100 mutations in hSOD1 have been causally linked to the familial form of the common neurodegenerative disease ALS (amyotrophic lateral sclerosis) [9] . The molecular mechanism for SOD1-linked ALS pathology is still unclear; however, in vivo studies in mouse models and human cell culture have demonstrated that ALS mutant forms of hSOD1 are prone to form insoluble aggregates [10] [11] [12] [13] [14] , which may be toxic to motor neurons. The biophysical/biochemical properties of WT (wild-type) and ALS mutants of hSOD1 have been compared in a number of studies in order to explain the greater aggregation propensity of ALS mutants [8, [15] [16] [17] [18] [19] [20] . Collectively, these studies demonstrate that ALS mutants are more prone to disulfide reduction, unfolding/misfolding and metal loss than WT hSOD1. These structural aberrations are proposed to promote non-native interactions between SOD1 monomers or other cellular components that lead to aggregation [15, 21] . The apo reduced forms of ALS mutant hSOD1 are especially vulnerable to destabilization and readily aggregate under mild oxidative stress conditions [20] .
Given the importance of the intramolecular disulfide in maintaining the structure and stability of hSOD1, we sought to identify factors that influence the hSOD1 disulfide redox state in vivo. Previous studies have demonstrated that the disulfide bond in hSOD1 is reduced by yeast Grx2 (glutaredoxin 2) when expressed heterologously in a Saccharomyces cerevisiae ccs1Δ strain. Furthermore, in vitro enzyme assays indicated that hSOD1 ALS mutants are more vulnerable to disulfide reduction by yeast Grx2 than WT hSOD1, suggesting a possible role for Grxs in redoxdependent destabilization of ALS mutants [22] . Since members of the Grx family exhibit subtle structural and mechanistic differences [23, 24] , we extended these studies to characterize the in vivo and in vitro interactions between hSOD1 and the human homologue of yeast Grx2, namely hGrx1 (human Grx1). hGrx1 and hSOD1 both co-localize to the cytosol and intermembrane space [25, 26] , thus hGrx1 is poised to have a direct impact on the redox state of hSOD1 under physiological conditions. However, the molecular interactions between hGrx1 and WT and mutant forms of hSOD1 have not previously been addressed. The results of the present study demonstrate that hGrx1 facilitates reduction of the disulfide bond of hSOD1 in a similar manner to yeast Grx2. Furthermore, we determined that hGrx1 uses a monothiol mechanism to reduce the disulfide bond in vivo and in vitro, suggesting that at least one of the disulfide cysteine residues of hSOD1 forms a transient mixed disulfide with GSH prior to reduction by hGrx1. We compared the reactivity and thermodynamic stability of the disulfide bond in holo and apo WT and ALS mutants A4V and G93A in vitro. These studies demonstrate that hGrx1 displays higher reactivity towards mutant hSOD1 than WT hSOD1. However, the thermodynamic stabilities of the disulfide bond in ALS mutant forms are not consistently lower than WT hSOD1. Overall, these studies suggest that hGrx1 may play a significant role in destabilization of ALS mutant hSOD1 in vivo by selectively reducing the kinetic barrier for disulfide reduction.
EXPERIMENTAL

Yeast strains and growth conditions
The yeast S. cerevisiae strains used in the present study are derived from the parental strain CY4 (MATa ura3-52 leu2-3 trp1-1 ade2-1 his3-11 can1-100). Strains Y117 (grx1Δ::LEU2 grx2Δ::HIS3), MC108 (ccs1Δ::ADE2) and MC120 (grx1Δ::LEU2 grx2Δ::HIS3 ccs1Δ::ADE2) were described previously [22] . Strains were maintained at 30
• C on SD (synthetic defined) medium supplemented with 2 % glucose and the appropriate amino acids (US Biological). Anaerobic cultures were maintained by growth in an O 2 -depleted culture jar (BBL Gas Pak).
Plasmids
hSOD1 was expressed in yeast cells under the control of the PGK1 promoter using plasmids pLC1 (WT hSOD1), pLC2 (A4V hSOD1) and pLC3 (G41D hSOD1) (2 μ URA3) described previously [27] . Site-directed mutagenesis of WT hSOD1 was carried out to generate a G93A hSOD1 expression plasmid (pMD100) using the QuikChange Site-Directed Mutagenesis kit (Stratagene). Yeast expression vectors for hGrx1 were created by PCR amplification of hGrx1 cDNA (Open Biosystems) and insertion of the PCR product into the NdeI and SnaBI sites in pLS108 (CEN LEU2) [28, 29] , allowing for insertion of hGrx1 between the promoter and terminator for yeast SOD1 to create pCO202. Digestion of pCO202 with SalI and BamHI allowed for insertion of the yeast SOD1 promoter, the hGrx1coding sequence, and the yeast SOD1 terminator into pRS414 (CEN TRP1), yielding pCO204. A plasmid for overexpression of recombinant hGrx1 in Escherichia coli was created by PCR amplification of the hGrx1 cDNA with primers that introduced NcoI and EcoRI sites at the start and stop sites respectively. The hGrx1 coding sequence was cloned into the overexpression vector pET24d to create pSB100. Site-directed mutagenesis of hGrx1 expression plasmids pCO204 and pSB100 was conducted according to the manufacturer's instructions for the QuikChange Site-Directed Mutagenesis kit (Stratagene).
Recombinant hGrx1 and hSOD1 purification
For production of recombinant hGrx1, pSB100 was transformed into the Escherichia coli strain BL21-CodonPlus ® (DE3)-RIL (Stratagene). The cells were grown in 500 ml of ZYP-5052 autoinduction medium at 37
• C for approximately 5 h followed by growth overnight at 30
• C. Following centrifugation, the cell pellet was subjected to three freeze-thaw cycles and soluble protein was extracted with 20 mM Tris/HCl, pH 8.0, and 5 mM DTT (dithiothreitol). hGrx1 was precipitated with 40-85 % (NH 4 ) 2 SO 4 and the pellet was resuspended in 20 mM Tris/HCl, pH 8.0, and subsequently loaded on to a desalting column followed by a HiPrep 16/10 DEAE FF column (GE Healthcare), both equilibrated with 50 mM Tris/HCl, pH 7.5, and 5 mM DTT. Since hGrx1 does not bind to the DEAE column, the flow-through was collected and concentrated using an Amicon ultrafiltration apparatus. Mutant forms of hGrx1 were purified using the same protocol. The activity of purified hGrx1 was tested using a coupled enzyme assay monitoring reduction of the model substrate HED (2-hydroxyethyl disulfide) as described previously [30] .
WT and ALS mutant forms of recombinant hSOD1 were expressed in S. cerevisiae and purified as described previously [8] . WT, A4V and G93A protein prepared by this method typically contained ∼ 50 % Zn and 50 % Cu in the Cu-binding site and 100 % Zn in the Zn-binding site. Preparation of apo-SOD1 with the intramolecular disulfide intact was conducted according to previously published methods [8] . The apo forms prepared by this method typically contained <0.05 Cu and Zn per monomer as determined by ICP-AES (inductively coupled plasma atomic emission spectroscopy).
Non-reducing SDS/PAGE and immunoblotting techniques
Protein concentrations were determined by the Bradford [30a] assay using BSA as the standard. Disulfide oxidation of hSOD1 in yeast cells was monitored by non-reducing SDS/PAGE and immunoblotting using IAM (iodoacetimide) or NEM (Nethylmaleimide) to alkylate free thiols as previously described (also known as a redox Western blot) [31] [32] [33] . Briefly, yeast strains were grown at 30
• C to mid-log phase in glucose SD medium without shaking. For IAM alkylation, the cells were washed and lysed with glass beads in 600 mM sorbitol, 10 mM Hepes, pH 7.5, and 100 mM IAM, containing protease inhibitors (protease inhibitor cocktail, 1:100 dilution; Sigma). Oxidized and reduced proteins were separated using non-reducing SDS/PAGE by loading 50-100 μg of cell extracts on pre-cast 14 % Trisglycine gels (Invitrogen). For NEM alkylation, five D 600 units of cells were acid-quenched with TCA (trichloroacetic acid) [15 % (w/v) final concentration] and incubated on ice for 20 min. Pellets were resuspended in 1 ml of 10 % TCA and lysed by glass beads. The supernatant was aspirated off and the pellet was resuspended in 500 μl of SDS-loading buffer containing 40 mM NEM and incubated on ice for 10 min prior to non-reducing SDS/PAGE. We found that NEM and IAM alkylation produced similar results. After electrophoresis, separated proteins were subjected to ingel reduction prior to transfer to nitrocellulose membranes as described previously [33] . For analysis of hGrx1 levels in yeast cells, glass bead extracts were prepared as described above for hSOD1 in the absence of IAM. Total cell lysate (50-100 μg) was separated by reducing SDS/PAGE on 14 % Tris-glycine gels (Invitrogen) and transferred to nitrocellulose for Western blotting. hSOD1 was detected using an anti-hSOD1 antibody (1:5000 dilution) provided by Valeria Culotta [33] , whereas hGrx1 was detected using an anti-Grx1 antibody (1:10 000 dilution) from Abcam. For both hGrx1 and hSOD1, a secondary antirabbit IRDye 800CW antibody diluted to 1:30 000 was used for detection via the Odyssey Infrared Imaging System according to the manufacturer's instructions (LI-COR).
Grx activity assays in yeast cell extracts
Grx activity in yeast cell lysates was measured using published protocols [22] . Briefly, yeast cell lysates were prepared by glass bead lysis and heated to 85
• C to inactivate glutathione reductase and thioredoxin reductase. Grx activity in the heat-treated lysates was then measured using a coupled enzyme-HED assay.
In vitro hSOD1 reduction assays
An in vitro assay to monitor the reduction of hSOD1 by hGrx1 was adapted from previous methods [22] . Briefly, disulfide-oxidized hSOD1 was diluted to 3 μM in a 300 μl reaction mixture that included 100 mM Tris/HCl, pH 8.0, 2.0 mM EDTA, 1 mM GSH, 0.2 mM NADPH and 6 μg/ml glutathione reductase. Varying concentrations of GSH were also tested from 0 to 5.0 mM GSH. hGrx1 (WT or mutant form) was added (50 nM final concentration) to the reaction mixture and incubated at 30
• C for different time periods. At each allotted time, 15 μl aliquots were removed from the stock and 15 μl of 2× sample buffer [160 mM Tris/HCl, pH 6.8, 20 % (v/v) glycerol, 5 % (w/v) SDS and 1.0 mg Bromophenol Blue] with 100 mM IAM was added and incubated at 37
• C for 30 min prior to non-reducing SDS/PAGE. Reduced and oxidized forms of hSOD1 were analysed by quantitative immunoblotting with anti-hSOD1 antibodies or Coomassie Blue staining using an Odyssey Infrared Imaging System.
Measurement of hSOD1 disulfide redox potential
The redox potential of the disulfide bond of WT and ALS mutant hSOD1 was determined by incubating the disulfide-oxidized protein in buffers poised at defined redox potential values as previously described [34] . Briefly, 10 μg/ml apo oxidized SOD1 was incubated with mixtures of reduced DTT and the oxidized form (trans-4,5-dihydroxy-1,2-dithiane) at a total concentration of 2 mM in 50 mM Mops, pH 7.0 (purged with nitrogen) in a Coy anaerobic chamber at 30
• C. The samples were incubated for 12-60 h in order for the redox state of the protein to reach equilibrium with the buffer. After incubation, 20 % (v/v) TCA was added (final concentration of 10 %) and the samples were precipitated on ice for 30 min under anaerobic conditions. Following centrifugation, the pellet was resuspended in 2× SDS sample buffer with 100 mM IAM. The samples were incubated at room temperature (25 • C) for 30 min, diluted to 1× with water, and separated by non-reducing SDS/PAGE. The redox potential values were calculated by fitting the data to the Nernst equation for a two-electron process using non-linear least squares fitting [35] .
RESULTS
Expression of hGrx1 correlates with increased reduction of the disulfide bond in WT and ALS mutant hSOD1
To determine whether hGrx1 influences the disulfide bond of hSOD1 in vivo, we used a yeast expression system to manipulate intracellular redox factors by gene deletion and heterologous protein expression. The disulfide-oxidized and reduced forms of hSOD1 have different mobilities by non-reducing SDS/PAGE, allowing efficient separation and quantification of the two forms ( Figure 1 ). In WT yeast cells expressing the yeast CCS (CCS1) and both yeast dithiol Grxs (GRX1 and GRX2), the intramolecular disulfide in WT hSOD1 is primarily oxidized ( Figure 1A , lane 2). Deletion of GRX1 and GRX2 has little effect on the redox state of hSOD1 (lane 3). However, in a ccs1Δ strain, the pool of WT hSOD1 is shifted to the reduced form ( Figure 1A , lane 4), confirming that yeast CCS1 plays an important role in controlling the redox state of hSOD1 as previously reported [22, 32] (Figure 1B ). In the grx1 grx2 ccs1 triple mutant Yeast strains expressing WT or ALS mutant hSOD1 were grown to mid-log phase in SD − Ura − Trp glucose medium. Cells were lysed in buffer with 100 mM IAM to trap free thiols. (A) Redox Western blot of 50 μg of cell extracts separated by non-reducing SDS/PAGE and immunoblotted with anti-hSOD1 antibodies. Conventional Western blotting using anti-hGrx1 antibodies (no IAM treatment, reducing SDS/PAGE) is shown below each hSOD1 redox Western blot to demonstrate in vivo expression of hGrx1. Lane 1, WT hSOD1 expressed in WT cells treated with 100 mM IAM and 600 mM DTT. Strains used were: WT, CY4; grx1/2 , Y117; ccs1Δ, MC108; and ccs1 grx1/2 , MC120. These strains were all co-transformed with empty vector pRS414 and a hSOD1 expression plasmid, pLC1 (WT), pLC2 (A4V), pLC3 (G41D) or pMD100 (G93A). The strain ccs1 grx1/2 + hGrx1 is MC120 co-transformed with the hGrx1 expression plasmid pCO204 and a hSOD1 expression plasmid (pLC1, pLC2, pLC3 or pMD100). ox, oxidized; red, reduced. (B) Reduced and oxidized forms of hSOD1 were quantified using an Odyssey Infrared Imaging System. The average percentage oxidized hSOD1 is reported for three to four independent experiments with error bars representing S.D.
strain ( Figure 1A , lane 5), hSOD1 is slightly more oxidized than in the ccs1 strain (lane 2), which is consistent with previous reports that yeast CCS1 and the dithiol yeast Grxs play opposing roles in controlling the redox state of hSOD1 [22] . To test whether hGrx1 influences the redox state of hSOD1, grx1 grx2 ccs1 cells were transformed with a low-copy plasmid expressing hGrx1. We confirmed that recombinant WT hGrx1 is active in yeast extracts using a standard assay for Grx activity ( Figure 2B ). Our results show that expression of hGrx1 ( Figure 1A , lane 6) correlates with a shift towards the reduced form of WT hSOD1 as demonstrated for yeast Grx2 [22] . However, this effect is only observed in a ccs1Δ strain, since expression of hGrx1 had no effect on the steady-state redox state of hSOD1 in WT and grx1Δ grx2Δ yeast strains (results not shown).
Figure 2 hGrx1 reduces hSOD1 via a monothiol mechanism in vivo
Yeast strains expressing WT or ALS mutant hSOD1 and WT or cysteine residue mutant hGrx1 were grown to mid-log phase in SD − Ura − Trp glucose medium. (A) Redox Western blotting using anti-hSOD1 antibodies and conventional Western blotting using anti-hGrx1 antibodies were performed as described in Figure 1 . Strains used were ccs1 grx1/2 (MC120) co-transformed with a hSOD1 expression plasmid (pLC1, pLC2 or pLC3) and a plasmid expressing WT and cysteine residue mutants of hGrx1 (pCO204, pSB101, pSB102 or pSB103) or empty vector pRS414. α, anti; red, reduced; ox, oxidized. (B) Glutaredoxin activity assays for MC120 cells expressing the indicated hGrx1 constructs. Activity is reported as nmol of NADPH oxidized per min per mg of protein in the cell extract. (C) Quantification of redox Western blots in (A) was performed as described in Figure 1 . For (B) and (C), error bars represent the S.D. for three independent experiments.
We next tested how hGrx1 expression influenced the disulfide bond in ALS mutant forms of hSOD1. A4V, G41D and G93A hSOD1 mutants are all enzymatically active 'β-barrel mutants', and A4V and G93A have been shown to produce an ALS phenotype in transgenic rodent models [36] [37] [38] . Unlike WT hSOD1, the disulfide of A4V hSOD1 is largely reduced in WT yeast cells (Figure 1) . Interestingly, deletion of the dithiol Grxs has an obvious effect on the redox state of this disulfide, shifting it to the oxidized form. In contrast, G41D and G93A hSOD1 are largely oxidized in WT cells and deletion of GRX1/2 has little effect on the redox state of the disulfide. The three mutant forms, A4V, G41D and G93A hSOD1, display a similar pattern of redox state changes as WT hSOD1 in response to deletion of ccs1 alone and in combination with grx1/2. However, G93A hSOD1 is more reduced under these conditions in comparison with A4V and G41D ( Figure 1A, lanes 4 and  5) . Furthermore, expression of hGrx1 in the triple ccs1Δ grx1Δ grx2Δ mutant was found to shift A4V, G41D and G93A hSOD1 to more reduced states ( Figure 1A, lane 6) . These results suggest that hGrx1 acts similarly to yeast Grx2 by promoting reduction of the disulfide in both WT and ALS mutant hSOD1 in the absence of CCS1 activation.
hGrx1 reduces the disulfide bond of hSOD1 via a monothiol mechanism
After determining that the expression of hGrx1 impacts the in vivo redox status of the hSOD1 intramolecular disulfide, we tested whether one or both of the active-site cysteine residues in hGrx1 were essential for reduction. Dithiol Grxs have two cysteine residues in the CXXC active site that display different reactivities. Grxs that utilize a dithiol mechanism to reduce intramolecular disulfide bonds require both cysteine residues, whereas Grxs that catalyse glutathionylation/deglutathionylation reactions via a monothiol mechanism require only one active-site cysteine residue [39] . Using a variety of model substrates, hGrx1 was shown to favour the reduction of glutathione-containing mixed disulfides via a monothiol mechanism [40] . The N-terminal Cys 23 is essential for this catalytic function, whereas the C-terminal Cys 26 is dispensable [41] . hGrx1 has no intramolecular disulfide targets identified thus far, and hSOD1 was proposed to be one of those targets [22] . To test whether a dithiol or monothiol mechanism is required for reduction of hSOD1 in vivo, we expressed active-site hGrx1 cysteine residue mutants in yeast and monitored the Grx activity and redox state of WT and ALS mutant hSOD1 (Figure 2 ). The redox state of both WT and ALS mutant hSOD1 is more reduced in strains expressing hGrx1 constructs (WT and C26S) that are active in the enzyme-coupled HED-Grx assay ( Figure 2A, lanes 2 and 4) . These results indicate that only the N-terminal active-site cysteine residue of hGrx1 (Cys 23 ) is required for reduction of hSOD1, consistent with a monothiol mechanism.
To demonstrate more directly that hGrx1 reduces the disulfide bond of hSOD1 via a monothiol mechanism, we used an in vitro assay to monitor the redox state of purified hSOD1 upon incubation with purified hGrx1 and GSH. Previous studies have shown that yeast Grx2 specifically reduces the disulfide bond in the apo form of A4V hSOD1, but not holo A4V hSOD1 or apo or holo WT hSOD1 [22] . We have extended these studies to examine the effects of WT and cysteine residue mutants of hGrx1 on WT, A4V and G93A hSOD1. Recombinant WT and active-site mutants of hGrx1 were overexpressed and purified from E. coli and their respective activities were verified (Supplementary Figure  S1 at http://www.BiochemJ.org/bj/446/bj4460059add.htm). The assay mixture, containing GSH, purified hGrx1, and WT or ALS mutants of hSOD1, was removed at different time points and the hSOD1 disulfide redox state was assessed by nonreducing SDS/PAGE ( Figure 3A ). These results demonstrate that GSH/hGrx1 exhibits no activity towards the Cu/Zn forms of WT and G93A mutant hSOD1 ( Figures 3B-3D , top panels), and low activity towards Cu/Zn A4V hSOD1, as previously demonstrated for yeast Grx2 [22] . In contrast, the apo forms of WT, A4V and G93A all displayed increased reduction by GSH/hGrx1 ( Figures 3B-3D , bottom panels) in comparison with the holo forms. In each case, we found that WT and C26S hGrx1 exhibited similar reactivity towards the hSOD1 disulfide, whereas the C23S
Figure 3 Reduction of WT and ALS mutant hSOD1 by GSH and WT and cysteine residue mutants of recombinant hGrx1
An in vitro assay for monitoring reduction of WT and ALS mutant hSOD1 by GSH/hGrx1 was conducted as described in the Experimental section. (A) Purified holo and apo disulfide-oxidized WT hSOD1 incubated in the presence of GSH and WT and cysteine residue mutants of hGrx1. The oxidation state of hSOD1 was monitored by non-reducing SDS/PAGE as described in Figure 1 . + DTT, purified hSOD1 incubated with hGrx1 and 600 mM DTT. The control samples include hSOD1 protein incubated in the assay mixture without recombinant hGrx1 added. ox, oxidized; red, reduced. (B-D) Quantification of reduced and oxidized Cu,Zn (top) and apo (bottom) WT hSOD1 (B), A4V hSOD1 (C) and G93A hSOD1 (D) was performed as described in Figure 1 . Error bars represent the standard deviation for three to four independent experiments. Lower case letters (a-e) are shown next to the plot traces to help identify the corresponding datasets shown in the legend. and C23S/C26S hGrx1 mutants were similar to the control with no hGrx1 added. Thus hGrx1 uses a monothiol mechanism involving Cys 23 to reduce the disulfide in both WT and ALS mutants of hSOD1.
By comparing the rate of reduction of the apo forms of WT against the ALS mutant SOD1 (Figures 3B-3D , bottom panels), it is clear that the ALS mutants are reduced at a faster rate than WT hSOD1. These differences are apparent in the first 15 min of the assay in which WT hSOD1 is only ∼ 10 % reduced, whereas A4V and G93A are 50 % and 65 % reduced respectively. Even with inactive hGrx1 (C23S or C23S/C26S) and no hGrx1 added (control), the intramolecular disulfide in A4V and G93A hSOD1 is more susceptible to reduction by GSH alone, which is consistent with previous reports [17] . The greater susceptibility of apo mutant hSOD1 to GSH reduction may reflect higher reactivity or greater accessibility of the hSOD1 disulfide to nucleophilic attack by GSH (see the Discussion section). In the present study we demonstrate that hGrx1 with a single active-site cysteine residue accelerates reduction of hSOD1 in the presence of GSH. To confirm the dependence of disulfide reduction on GSH, the assay for apo G93A hSOD1 was also performed with various GSH concentrations (Supplementary Figure S2 at http://www.BiochemJ.org/bj/446/bj4460059add.htm). The results indicate a hyperbolic dependence of hSOD1 reduction on GSH concentrations, as reported for other redox reactions catalysed by hGrx1 [24, 41] .
Measurement of the disulfide bond redox potential for WT and ALS mutant hSOD1
In addition to kinetic factors, the favourability of a redox reaction is also dictated by the reaction thermodynamics [42] . After determining that WT and ALS mutant SOD1 exhibit differential rates of reduction by GSH/hGrx1, we next investigated the thermodynamic stability of the intramolecular disulfide bond of apo and holo WT, A4V and G93A hSOD1. We measured the redox potential of the disulfide bond by incubating the proteins in redox buffers poised at defined redox potential values under anaerobic conditions [32, 34] . Surprisingly, the redox potential of WT hSOD1 ( − 301 mV) is virtually identical with and without the metal cofactors, as shown in Figure 4 and Table 1 . A similar pattern is observed for the apo and holo forms of A4V and G93A hSOD1 ( Figure 4B and Table 1 ). However, we noted that the disulfide redox potentials for the two ALS mutant hSOD1 proteins are significantly different from WT hSOD1, but not similar to each other. The redox potentials of the apo and holo forms of G93A hSOD1 ( − 315 mV) are lower than WT hSOD1, whereas the redox potentials of the A4V hSOD1 forms ( − 282 mV) are higher (Table 1) . Thus the disulfide bond in G93A hSOD1 is more thermodynamically stable than WT hSOD1, whereas the A4V disulfide is less stable. Since A4V and G93A hSOD1 are both implicated in ALS development, these results suggest that differences in the redox potential of the hSOD1 disulfide may not be a significant factor contributing to the toxicity of hSOD1 mutants. Rather, it appears that the more favourable redox kinetics of the mutant forms (i.e. the higher reactivity of the disulfide bond) may be more influential.
DISCUSSION
The redox state of the disulfide bond in hSOD1 plays a critical role in the stability and oligomeric state of the protein.
Increased levels of apo disulfide-reduced SOD1 correlates with increased misfolding and aggregation of SOD1 in both in vitro and in vivo studies [8, 17, 18, 20, 22, [43] [44] [45] . Thus we sought to identify intracellular factors that influence oxidation/reduction of this disulfide bond. A previous study demonstrated that Recombinant disulfide-oxidized apo and holo WT and ALS mutant hSOD1 were incubated in buffer containing various concentrations of reduced (red) and oxidized (ox) DTT at defined redox potentials as described in the Experimental section. (A) Representative Coomassie Blue-stained non-reducing SDS/PAGE gel for Cu,Zn WT hSOD1 disulfide redox potential measurement. (B) Quantification of percentage of oxidized WT, A4V and G41D hSOD1 was determined as described in Figure 1 and plotted against the reduced (red) DTT/oxidized (ox) DTT redox potential E (mV). Open symbols represent data points for the apo proteins and closed symbols represent the holo proteins. The continuous lines represent the best fit to the Nernst equation (for a 2 e − reaction) for the holo proteins, whereas the broken lines are the best fits for the apo proteins. Table 1 Disulfide bond redox potential measurements for apo and holo WT, A4V and G93A hSOD1
The reported values are the means for two to four independent experiments + − S.D. The redox potentials were calculated from the Nernst equation, with E • DTT = − 308 mV [64] .
overexpression of Grx1 in mouse cell lines increases the solubility of ALS mutant hSOD1, presumably via reduction of intermolecular disulfides found within SOD1 aggregates [46] . Although, in that case, Cys 111 is implicated in formation of these disulfide-linked oligomers rather than the two cysteine residues that form the intramolecular disulfide bond (Cys 57 and Cys 146 ). In the present study we provide in vivo and in vitro evidence that the SOD1 intramolecular disulfide is a substrate for hGrx1. Our results demonstrate that hGrx1 specifically reduces the intramolecular disulfide bond of WT, A4V, G41D and G93A ALS mutants in a yeast expression system. For WT, G41D and G93A hSOD1, this effect requires the absence of CCS1, confirming that CCS1 and Grxs play opposing roles in redox control of the SOD1 disulfide [22] . However, control of the hSOD1 redox state is dominated by CCS1 for these forms, since Grx expression has little effect on steady-state levels of the hSOD1 disulfide in the presence of CCS1 in vivo. This result is consistent with our in vitro redox kinetics experiments demonstrating that holo hSOD1 is more resistant to reduction by hGrx1 than apo hSOD1. In CCS1 + cells, a higher percentage of hSOD1 is Cu-loaded [32, 47] , since CCS1 catalyses both Cu insertion and disulfide bond formation [48] . Thus a larger pool of holo hSOD1 will be kinetically inert to reduction by GSH/hGrx1 in CCS1 + cells. However, we do note that A4V hSOD1 is predominantly reduced in the presence of CCS1 and the dithiol Grxs, suggesting that the dithiol Grxs can successfully compete with CCS1 in controlling the A4V hSOD1 redox state in vivo. Interestingly, this mutant is the only one tested that showed some reactivity with hGrx1 in the holo form in vitro (Figure 4C ), providing a possible explanation for its more reduced state in vivo, even in the presence of Cu-loading by CCS1. In addition, the in vivo redox state differences between WT hSOD1 and the various ALS mutants tested probably also reflect differences in the ability of CCS1 to associate and facilitate copper insertion and disulfide formation in the variant forms of hSOD1 [9] .
Interestingly, we find that hGrx1 has similar apparent effects on the steady-state redox status of both WT and mutant hSOD1 in vivo, since all four hSOD1 forms tested are shifted to a more reduced state with the addition of hGrx1 in ccs1Δ grx1/2Δ cells (Figure 1) . However, the in vitro redox kinetic assays clearly demonstrate that GSH/hGrx1 reduces WT hSOD1 at a much slower rate than the ALS mutant forms (Figure 3 ). These seemingly conflicting results may be explained by the fact that the in vivo redox state of hSOD1 captured by the thiol-trapping method is a snapshot of the steady-state redox status of the protein.
In addition to the rate of disulfide reduction, a number of other factors may influence the steady-state redox status of hSOD1. These include the rate of CCS1 oxidation and Cu insertion, the rate of metal loss from the active sites, and the rate of protein turnover for oxidized compared with reduced forms. Previous studies have demonstrated that A4V and G41D hSOD1 proteins are more susceptible to degradation when expressed in the yeast model system than WT hSOD1 [22] . In particular, the reduced form of A4V hSOD1 is more rapidly degraded than the oxidized form, whereas both the oxidized and reduced forms of WT hSOD1 exhibit much slower turnover rates in vivo [22] . Thus the pool of reduced mutant hSOD1 generated via GSH/hGrx1 reduction or deficient CCS1-catalysed maturation may be rapidly degraded in vivo and thus under-represented in the steady-state redox state measurements. Nevertheless, these results clearly demonstrate that GSH and hGrx1 are additional intracellular factors that have a significant impact on the disulfide redox state of hSOD1 in vivo.
As mentioned above, the in vitro studies strongly indicate that the ALS mutant forms of hSOD1 are more susceptible to reduction by the GSH/hGrx1 system than WT hSOD1, and furthermore that loss of the metal cofactors greatly accelerates this reaction. In general, Grx proteins catalyse thiol-disulfide exchange reactions that utilize one or both cysteine residues in the active-site CXXC motif. These reactions can proceed via a dithiol mechanism, which reduces intramolecular disulfides, or a monothiol mechanism reducing a mixed disulfide bond with GSH [39] . Our results indicate that hGrx1 reduces the disulfide bond of hSOD1 via a monothiol mechanism that only requires the Nterminal active-site cysteine residue of hGrx1. Thus reduction of the hSOD1 disulfide first proceeds via attack of the hSOD1 disulfide by GSH followed by deglutathionylation catalysed by hGrx1 ( Figure 5 ). We note that GSH alone can also facilitate complete reduction of apo A4V and G93A hSOD1 ( Figures 3C  and 3D ). In the absence of hGrx1, glutathionylated hSOD1 may be fully reduced via reaction with a second GSH molecule, or the hSOD1 disulfide may re-form via nucleophilic attack by the free cysteine residue in hSOD1. Since reduction of hSOD1 is faster in the presence of hGrx1, the results of the present study suggest that hGrx1 is more efficient at reducing the hSOD1-SSG mixed disulfide than GSH itself. Glutathionylation of the hSOD1 disulfide prior to reduction by GSH or hGrx1 is probably Figure 5 Monothiol mechanism for the reduction of hSOD1 by hGrx1 and GSH a transient modification, since a stable GSH adduct with either of the disulfide cysteines (Cys 57 and Cys 146 ) has not been detected in vivo [22, 49] . However, we do note that Cys 111 , which is solventexposed in WT and mutant holo hSOD1, has been shown to form stable GSH mixed disulfides [49] . In addition, all four cysteine residues in hSOD1 have been implicated in the formation of intermolecular disulfide bonds in higher order hSOD1 aggregates [11, 37, 45, 46, 50, 51] .
The accessibility of the disulfide bond may be a significant factor controlling the differences in disulfide reactivity of apo compared with holo and WT compared with ALS mutant hSOD1. Both disulfide formation and metal insertion drive dimerization of hSOD1 [6] [7] [8] 52] . Once formed, the disulfide bond in WT hSOD1 is partially buried near the dimer interface [43] . In the case of the holo proteins, only A4V hSOD1 showed some reactivity with GSH/hGrx1 in the experimental time frame. This mutation is located near the dimer interface and is thus suspected to weaken the dimer interaction [38, 53] . Increased monomerization will probably expose the disulfide to attack by GSH and subsequent deglutathionylation by hGrx1. In addition, A4V hSOD1 has a 30-fold lower Zn 2 + affinity than WT hSOD1 and is thus more prone to demetallation [54, 55] . Loss of zinc binding is another factor that promotes monomerization and has been shown to increase the lability of the disulfide bond [56] . Thus it is not surprising that all three apo proteins tested showed some reactivity towards GSH alone that was accelerated with the addition of hGrx1. For WT hSOD1, removal of the metals loosens the structure by increasing the mobility of the electrostatic and zinc-binding loops [57, 58] , but does not disrupt dimer formation if the disulfide is intact [6, 8] . This greater structural flexibility may allow limited access to the disulfide located near the dimer interface. However, unlike apo oxidized WT hSOD1, apo oxidized A4V and G93A ALS mutants are prone to monomerization [38] , which may explain the even greater reactivity of the disulfide bond in these demetallated mutant forms.
In addition to cysteine residue reactivity, another important factor that influences thiol-disulfide redox regulation is thermodynamic stability. How does the thermodynamic stability of the hSOD1 disulfide differ for apo and holo forms of WT and ALS mutant hSOD1? To answer this question, we measured the midpoint redox potentials for apo and holo forms of recombinant WT, A4V and G93A hSOD1. We found that apo and holo WT hSOD1 had virtually identical redox potentials ( − 301 and − 302 mV), demonstrating that the metallation state of hSOD1 does not influence the redox potential. Interestingly, this value is significantly lower than the reported value for WT hSOD1 purified from E. coli ( − 248 mV) [32] , indicating higher thermodynamic stability for the disulfide in yeast-purified hSOD1. There is one notable structural difference between hSOD1 purified from yeast compared with E. coli that may account for these different potentials: recombinant hSOD1 expressed in yeast is acetylated at the N-terminus similar to native hSOD1, whereas hSOD1 expressed in E. coli is not [59] . Although the acetylation site is ∼ 20 Å (1 Å = 0.1 nm) from the disulfide bond, it is possible that this modification has a subtle effect on the protein structure that significantly influences the redox potential, for example, by altering the local electrostatic environment of the disulfide, reducing strain within the disulfide bond, or reducing strain within the overall protein structure. In addition, the N-terminus is located at the dimer interface and thus Nterminal acetylation may have an impact on the quaternary structure, which in turn may affect the strength of the disulfide bond.
Similar to WT hSOD1, our results also demonstrate that the metallation state of ALS mutants does not significantly alter the redox potential for these proteins. However, the measured redox potentials for A4V hSOD1 ( − 282 mV) and G93A hSOD1 ( − 315 mV) were higher and lower than WT hSOD1 respectively (Table 1) . Thus the presence of ALS mutations in hSOD1 does not uniformly destabilize the disulfide bond. Our results investigating the kinetic and thermodynamic properties of the disulfide bond in WT and ALS mutant hSOD1 parallel recent studies comparing the thermodynamic stability and folding kinetics of the overall protein structure. Not all ALS mutants are more unstable than WT hSOD1 in the apo state, since some mutants exhibit similar or even higher thermodynamic stability than WT hSOD1 [60] . However, the folding kinetics for ALS mutants are consistently slower than WT hSOD1 [61] . A similar pattern emerges for the redox state of the disulfide bond. We find that the thermodynamic stability of the disulfide in ALS mutants is not consistently lower that WT hSOD1. However, the reduction rate of the disulfide is consistently faster for ALS mutants. Although we have only tested two ALS mutants in the present study, our results are in line with previous reports demonstrating that a large variety of ALS mutants are more susceptible to disulfide reduction by GSH than WT hSOD1 [17] . We also demonstrate that hGrx1 plays a significant role in accelerating this reduction via a monothiol catalytic mechanism. Overall, these results suggest that the reaction kinetics between hSOD1 and GSH/Grxs may be a critical factor influencing the pathogenicity of ALS mutant hSOD1. However, in order for the reduction of hSOD1 to proceed via the GSH/Grx system in vivo, the reaction must be thermodynamically favourable. In vivo redox measurements in yeast and mammalian cells confirm that the redox potential of the cytosolic GSH/GSSG pool ( − 290 to − 300 mV) [31, 62, 63] is very similar to the hSOD1 disulfide redox potential, and thus poised to facilitate at least partial reduction of both WT and ALS mutant hSOD1 under physiological conditions.
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